Corn stover harvesting is a common practice in the western U.S. Corn Belt. This 5-yr study used isotopic source tracking to quantify the influence of two tillage systems, two corn (Zea mays L.) surface residue removal rates, and two yield zones on soil organic C (SOC) gains and losses at three soil depths. Soil samples collected in 2008 and 2012 were used to determine 13 C enrichment during SOC mineralization, the amount of initial SOC mineralized (SOC lost ), and plant C retained in the soil (PCR incorp ) and sequestered C (PCR incorp − SOC lost ). The 30% residue soil cover after planting was achieved by the no-till and residue returned treatments and was not achieved by the chisel plow, residue removed treatment. In the 0-to 15-cm soil depth, the high yield zone had lower SOC loss (1.49 Mg ha ) residue removal treatment. When the 0-to 15-and 15-to 30-cm soil depths were combined, (i) 0.91 and 3.62 Mg SOC ha −1 were sequestered in the 60 and 0% residue removal treatments; (ii) 2.51 and 0.36 Mg SOC ha −1 were sequestered in the no-till and chisel plow treatments, and (iii) 1.16 and 1.65 Mg SOC ha −1 were sequestered in the moderate and high yield zone treatments, respectively. The surface treatments influenced C cycling in the 0-to 15-and 15-to 30-cm depths but did not influence SOC turnover in the 30-to 60-cm depth.
C enrichment during SOC mineralization, the amount of initial SOC mineralized (SOC lost ), and plant C retained in the soil (PCR incorp ) and sequestered C (PCR incorp − SOC lost ). The 30% residue soil cover after planting was achieved by the no-till and residue returned treatments and was not achieved by the chisel plow, residue removed treatment. In the 0-to 15-cm soil depth, the high yield zone had lower SOC loss (1.49 Mg ha ) residue removal treatment. When the 0-to 15-and 15-to 30-cm soil depths were combined, (i) 0.91 and 3.62 Mg SOC ha −1 were sequestered in the 60 and 0% residue removal treatments; (ii) 2.51 and 0.36 Mg SOC ha −1 were sequestered in the no-till and chisel plow treatments, and (iii) 1.16 and 1.65 Mg SOC ha −1 were sequestered in the moderate and high yield zone treatments, respectively. The surface treatments influenced C cycling in the 0-to 15-and 15-to 30-cm depths but did not influence SOC turnover in the 30-to 60-cm depth.
Tillage and Corn Residue Harvesting Impact Surface and Subsurface Carbon Sequestration David E. Clay,* Graig Reicks, C. Gregg Carlson, Janet Moriles-Miller, James J. Stone, and Sharon A. Clay D espite numerous tillage and crop residue harvesting studies that have been conducted, questions still remain about how much corn stover can sustainability be harvested for livestock bedding, livestock feed, or cellulosic ethanol production without resulting in a loss of soil health (Baker et al., 2007; Clay et al., 2012; Workmann et al., 2012; Liska et al., 2014) . This question remains because many previous studies reported only the net impact of management on the amount of SOC contained in surface soil, as opposed to calculating temporal SOC changes in the entire profile or determining the SOC mineralization first-order rate constants (Baker et al., 2007; Mamani-Pati et al., 2010) .
Developing a C budget requires accurate measurements of above-and belowground non-harvested C (NHC) return. Accurate measurements of aboveground biomass can be obtained by harvesting and measuring surface residue from a prescribed area. However, most belowground NHC values are negatively biased because roots and root exudates are difficult to measure. Underestimating the belowground biomass can have a profound impact on the calculated budget. For example, Barber (1979) reported that 2.4% of the SOC was mineralized annually and that 37% of the root biomass was converted to SOC. This calculation was based on an assumption that the root/shoot ratio was 0.17 (0.17 kg of belowground biomass for each 1 kg of aboveground biomass), which is much lower than the estimates of Johnson et al. (2006) and Liska et al. (2014) . Doubling the root/shoot value to 0.34, as suggested by Johnson et al. (2006) and Liska et al. (2014) , reduced the conversion of roots to SOC from 37 to 18.5%. The conversion of 18.5% of the roots to SOC is very similar to the conversion of surface residues to SOC as reported by Clay et al. (2010) .
In an attempt to reduce the importance of root measurements, Balesdent et al. (1988) proposed a solution where a 13 C mixing equation was used to determine the C derived from C 4 and C 3 sources (Follett et al., 2012) . Allmaras et al. (2004) built on the Balesdent et al. (1988) technique and combined the 13 C natural abundance mixing equation with field yield estimates to better define C inputs from above-and belowground sources. Allmaras et al. (2004) the total corn-derived C in the residue-returned treatment and SOCh was the corn derived from non-harvested material (exudates, roots, and crown) in the stover-harvested treatment. 
by the SOC values from the residue returned (SOCr) and harvested (SOCh) plots. Both the Balesdent et al. (1988) and Allmaras et al. (2004) approaches did not consider 13 C isotopic discrimination that occurs during relic C mineralization. Clay et al. (2007) evaluated 13 C fractionation during SOC mineralization and reported that (i) 13 C fractionation during fresh biomass mineralization was not detected, and (ii) not accounting for 13 C fractionation during relic C mineralization resulted in overestimating SOC mineralization and the stability of the biomass from C 4 plants and underestimating the stability of the biomass from C 3 plants. Clay et al. (2006a Clay et al. ( , 2007 Clay et al. ( , 2010 proposed a three-pool conceptual model and analytical procedures to define the firstorder rate constants that moved C between the undecomposed plant material, soil, and atmosphere (Fig. 1) . The advantages of this approach include that (i) the C pools can be experimentally measured, (ii) the method does not rely on laboratory-defined SOC turnover rate constants, and (iii) the turnover rates can be easily expanded to other sites. As with Barber (1979) , the major flaws with this approach were the reliance on belowground biomass estimates and the time required to generate measureable changes in SOC.
An alternative 13 C isotopic approach was proposed by Clay et al. (2006a Clay et al. ( , 2007 . The primary differences between the Balesdent et al. (1988) and Clay et al. (2006a Clay et al. ( , 2007 approaches are that Clay et al. (2006a Clay et al. ( , 2007 did not ignore 13 C fractionation during relic SOC mineralization and the sources of SOC gains and losses were identified. To date, however, the 13 C source tracking approach proposed by Clay et al. (2006a) has not been tested in long-term field studies.
In the northern Great Plains glaciated soils, the gently rolling topography results in (i) summit and shoulder landscape positions often having lower water contents than lower backslope positions, (ii) differential apparent electrical conductivities across the landscape, and (iii) lower yields in summit and shoulder areas than footslope areas (Clay et al., 2001 (Clay et al., , 2005 Sudduth et al., 2005; Mishra et al., 2008; Hansen et al., 2013) . Landscape differences have also contributed to spatial variability in soil nutrients and weed and insect population distributions (Ellsbury et al., 1998; Clay et al., 2006b ). Whole-field research showed that water additions increased corn yields at summit and shoulder positions from 87 to 145 g plant −1 , whereas in lower backslope positions, additional water did not increase corn yields (Mishra et al., 2008; Hansen et al., 2013) . Based on these findings, Kim et al. (2008) used water additions to simulate corn yield zones.
This basic experimental approach provides an opportunity to improve our understanding of the interactions among management and landscapes processes and the impact on longterm sustainability and soil health. This study used the 13 C isotopic source tracking technique to determine the influence of tillage, corn surface residue management, and yield zone on SOC gains and losses at three soil depths.
Materials and Methods
This research was conducted at Aurora, SD (96°40¢ W, 44°18¢ N) between 2008 and 2012. The soil parent materials were loess over glacial outwash and the soil series was a Brandt silty clay loam (a fine-silty, mixed superactive, frigid Calcic Hapludoll). This soil contained Ap (0-17.8 cm), AB (17.8-40.6 cm), and Bw (40.6-58.4 cm) soil horizons. The water pH values of the Ap and Bw1 soil horizons were 5.5 and 6.2, and the hydraulic conductivity of the Ap horizon was 0.72 m d −1 (Clay et al., 1994; Kim et al., 2008) . The surface horizon contained approximately 110 g sand, 580 g silt, and 310 g clay kg −1 , and the slope was between 0 and 2%.
The experiment contained four blocks, and the design was a strip-split-plot randomized block (Littell et al., 1996, p. 359-367) . Each block contained the factorial arrangement of two tillage treatments (no-till and chisel plow), two yield zones (moderate and high), and two residue removal rates (0 and 60% removed). Each block contained two tillage strips, which were then randomly split by yield zone. The residue removal rates were then randomly assigned a tillage and yield zone treatment. No-plant control areas were placed along the edge of each plot. In the no-plant control area, a breathable weed control fabric was placed over the surface of the soil. The fabric allowed water infiltration and prevented weed emergence. The purpose of the no-plant control areas was to measure 13 C fractionation during SOC mineralization, and data from these plots were used to calculate the Rayleigh 13 C fractionation constants. Each corn plot had dimensions of 12.2 by 9.2 m with a row spacing of 76 cm, while the no-plant control areas had dimensions of 1.52 by 0.91 m.
The site had been cultivated for at least 25 yr before this study. During this time period, tillage ranged from ridge tillage to moldboard plow, and the crops grown included corn, soybean [Glycine max (L.) Merr.], and wheat (Triticum aestivum L.). The moderate yield zone was designed to model water-stressed corn grown in summit and shoulder areas, and this treatment relied on natural rainfall alone. The high yield zone treatment simulated corn grown in lower backslope areas, and this treatment relied on natural rainfall plus supplemental irrigation. In the chisel plow treatment, the plots were chisel plowed, disked in the spring, and planted. In the no-till treatment, the soil was not cultivated before or after corn seeding. Following corn seeding in early May at a rate of 70,700 plants ha −1 , 168 kg urea-N ha −1 was surface applied.
The surface residue cover after planting was estimated using the method of McCarthy et al. (1993) . In these calculations. the soil residue cover following harvest was 0.96, 0.98, 0.65, and 0.70 for the moderate yield zone with 0% residue removed, the high yield zone with 0% residue removed, the moderate yield zone with 60% residue removed, and the high yield zone with 60% residue removed, respectively. In the chisel plow treatment, the estimated surface coverage was further reduced by 30% by the chisel plow, 45% by the disk, and 5% by a planter. Based on these operations, residue coverage after planting in the moderate yield-chisel plow-0% residue removal treatment was 35% (0.96 × 0.70 × 0.55 × 0.95), while residue coverage after planting in the moderate yield-chisel plow-60% residue removal treatment was 24% (0.65 × 0.70 × 0.55 × 0.95). Similar results were observed in the chisel plow-high yield environment. The calculations suggest that the moderate and high yield zone-chisel plow-60% residue removal treatments did not achieve the NRCS-recommended 30% residue cover after planting.
In the no-till treatment, similar calculations were conducted. Residue coverage after planting for the moderate yield zone-0% residue removal and the moderate yield zone-60% residue removal treatments were 0.86 and 0.59, respectively.
Corn grain and stover yields were determined after physiological maturity by hand harvesting a 9.3-m 2 area in the center of each plot. Corn ears and stover subsamples were dried at 60°C and weighed. Corn ears were shelled and grain and cob weights determined. The dried materials were ground to pass through a 1-mm screen on a cyclone mill and analyzed for total N, d 15 N, and 13 C isotopic discrimination on a 20-22 Sercon (Sercon Ltd.) ratio stable isotopic mass spectrometer (Chang et al., 2014) .
Bulk density measurements were collected using the core technique (Grossman and Reinsch, 2002) in 2008 and 2012, and based on Ellert and Bettany (1995) , equivalent soil masses across sampling dates and tillage systems were compared. Soil samples from three depths (0-15, 15-30, and 30-60 cm) were collected for SOC in May 2008 and following harvest in November of 2012. Each composite soil sample consisted of 10 individual cores per subplot. Soil samples were air dried and ground with a mortar and pestle. Root materials were not removed from the soil samples because the analytical calculations assumed that samples contained both SOC and NHC. Following soil preparation, the samples were weighed and analyzed for total N, total C, d 15 N, and d 13 C as described above. The working standard was wheat flour, which had a d 13 C of −24.64‰. Working standards with weights of 1, 2, 3, and 3.5 mg were placed before and after analysis of 7 to 10 samples. The standard deviation of the working standard with similar sample weights were generally <0.1‰.
The growing degree days (10°C base) from 1 May to 30 September in 2008, 2009, 2010, 2011, and 2012 were 1258, 1179, 1359, 1347 , and 1474 °C d, respectively. In the moderate yield zone treatments, rainfall amounts from 1 May to 30 September in 2008, 2009, 2010, 2011, and 2012 were 32.6, 30.4, 78, 26 .2, and 37.4 cm, respectively, whereas in the high yield zone treatments, rainfall plus supplemental irrigation amounts were 40, 38, 78, 32.6, and 45 cm, respectively.
Root Growth Experiment
Root biomass was measured on the identical soil in an adjacent experiment conducted in 2009 (Chang et al., 2014) . The feasibility of using data from 2009 to estimate root growth for this experiment was assessed by Chang et al. (2014) , who measured root/shoot ratios in 2009 and 2010 in four environments with widely different soils, tillage systems, and climatic conditions. Average root/shoot ratios in these studies ranged from 0.45 to 0.61, and differences due to soil and tillage differences could not be clearly identified. At the sampling site used in this study, the field was chisel plowed, fertilized with 180 kg N ha −1 , and seeded in early May. Root distributions, leaf area, and root crowns were measured at silking (Klepper, 1991; Crozier and King, 1993) , whereas grain, cob, leaf, and stalk production were measured at physiological maturity.
To account for the unmeasured root exudates and small roots that escaped detection, root weights were adjusted using ( ) = adjusted weight 2 measured roots [1] This adjustment was based on a recommendation of Kuzyakov and Domanski (2000) and Larionova (2005, 2006) , and it attempted to minimize sampling bias. The (root + exudate)/shoot ratios were calculated as
root exudates crown Root/shoot ratio cob grain stover [2] where stover was leaves + stalks, and crown was the root ball from the top of the brace roots to 15 cm into the soil. The biomass estimates (roots + exudates + crown) used in Eq.
[2] were based on dry weights. The root/shoot ratios were used to estimate the amount of belowground NHC in the 0-to 15-, 15-to 30-, and 30-to 60-cm-depth soil (Table 1) .
Carbon Turnover Calculations
The amount of SOC lost , plant C retained (PCR incorp ), and SOC retained (SOC retained ) were calculated as ( )
where SOC final is SOC at the end of the study, d
13 C soil final is the d 13 C value of the bulk SOC when the experiment was completed, PCR incorp , which was not measured, is the plant C retained in the soil that was incorporated into SOC, d The first-order rate constants for the conversion of SOC initial to CO 2 (k SOC ) was determined by back-calculating SOC lost using the model SOC lost = 5 0 t t = = S SOC t × k SOC . In this model, SOC t at time t = 0 is SOC initial , and k SOC is adjusted until the difference between the 13 C calculated SOC lost value (Eq. [5]) and the back-calculated SOC lost value are minimized. For the k NHC calculations, a similar approach was used; however, the secondary mineralization of plant C retained in the soil was considered. For example in the second year, NHC added to the soil in the fall of the first year was mineralized to PCR using k NHC , and in the third year, the PCR retained from the second year was mineralized to CO 2 using the k SOC rate constant. This processes was repeated for the fourth and fifth years. The k NHC rate constant was the value where the difference between the 
Statistical Analysis
The PROC Mixed model was used to determine statistical differences at p = 0.10 (SAS Institute, 1989; Littell et al., 1996, p. 359-367) . In this analysis, the fixed effects were tillage, stover removal, and yield zone. Blocks were considered as a random effect. In the resulting analysis, the two-and three-way interactions were not significant at p ≤ 0.10. (606) 810 (249) 870 (202) 250 (82) † nd, not determined. ‡ The 95% confidence intervals are provided in parentheses.
Results and Discussion
Across years, the average grain yields were 12.6% higher in the high yield zone than the moderate yield zone and were not impacted by residue removal (Table 1 ). The lack of yield differences in the residue-removal treatments were similar to the results of Barber (1979) but differed from those of Varvel et al. (2008) . As with corn grain yields, stover yields were higher in the high (6.0 Mg ha Because the belowground NHC estimates were based on the root/shoot ratio (0.45 g roots g −1 shoots), both the aboveand belowground NHC increased with yield The root/shoot ratio used in this calculation was lower than the 0.55 value used by Johnson et al. (2006) and higher than the 0.29 value used by Liska et al. (2014) . The distribution of NHC across soil depths was based on aboveground stover and grain yields and root distributions (Chang et al., 2014) . In the 60% residue removal treatment, 81.6, 8.9, and 9.5% of the total NHC was allocated to the 0-to 15-, 15-to 30-, and 30-to 60-cm soil depths, respectively, whereas in the 0% residue removal (all residue returned) treatment, 85.1, 7.2, and 7.7% of the NHC was allocated to the 0-to 15-, 15-to 30-, and 30-to 60-cm soil depths, respectively. It is important to point out that, due to differences in the depth intervals, the NHC values for the 30-to 60-cm soil depth were higher than those for the 15-to 30-cm depth. Decreasing root distribution with increasing soil depth was previously reported by Follett et al. (1974) , who found 73% of the roots, not including crowns, contained in the surface 20.3 cm, and Laboski et al. (1998) , who found 85% of the roots contained within the surface 30 cm.
Tillage Impact on Soil Organic Carbon and Nonharvested Carbon Mineralization
In the 0-to 15-cm soil depth, 4.0 (1.49/37 Mg ha −1 ) and 5.9% (2.19/37 Mg ha −1 ) of the SOC contained in the soil at the beginning of the experiment was mineralized in the no-till and chisel plowed treatments during the 5-yr period (Table 2 ). Tillage differences resulted in (i) initial SOC first-order mineralization rate constants that were lower for the no-till ( ) treatment. Tillage did not influence the conversion rate of NHC to SOC (k NHC ), which was 0.184 kg NHC kg −1 yr −1 for the 0-to 15-cm soil depth. These values were similar to those reported by , which ranged from 0.05 to 0.321 kg NHC kg −1 yr −1 . In the 15-to 30-cm soil depth, 3.38 and 5.3% of the SOC contained in the soil at the beginning of the experiment was mineralized in the no-till and chisel plow treatments, respectively. At this depth, no-till reduced SOC lost and increased plant C retained (PCR incorp ), which in turn reduced NHC m from 0.465 to 0.266 Mg ha −1 . The average SOC soil half-life in the 15-to 30-cm depth no-till and chisel plow treatments was Table 2 . The influence of tillage, residue removal, and yield potential during the 5 yr of the study on the amount of initial SOC lost (SOC lost ), plant C incorporated into the SOC (PCR incorp ), the first-order annual rate constants for the conversion of SOC to CO 2 (k SOC ) and NHC to SOC (k NHC ) in the 0-to 15-and 15-to 30-cm soil depths, and the non-harvested C maintenance requirement (NHC m ). The rotation used in this experiment was continuous corn. The two-and three-way interactions were not significant. In the 30-to 60-cm soil depth, changes in SOC during the 5 yr of the study were not detected, and therefore we defined dSOC/dt = 0 for all treatments. The calculated k SOC value for the 30-to 60-cm soil depth was 0.0019 kg kg −1 C yr 80 yr [ln(2)/0.00865]. The impact of tillage on NHC m in the 15-to 30-cm soil depth was attributed to no-till increasing the surface soil bulk density, which in turn slowed O 2 diffusion and microbial activity and/or that the chisel plow lowered the bulk density with increased O 2 diffusion. Reiman et al. (2009) had similar results and reported that soil depth also impacted nitrification. The percentage of SOC mineralized was slightly higher in the 0-to 15-than the 15-to 30-cm depth.
A comparison between k NHC values in the 0-to 15-and 15-to 30-cm soil depths shows that more NHC was retained in the SOC in the 15-to 30-than the 0-to 15-cm soil depth. These results could be attributed to (i) greater recalcitrance of root biomass than shoot biomass ( Johnson et al., 2007) , (ii) less available O 2 in the 15-to 30-than the 0-to 15-cm soil depths, and/or (iii) an underestimation of root biomass (Starr et al., 1974; Dowdell et al., 1979; Asady and Smucker, 1989) . Others have reported differences in mineralization rates between aboveand belowground biomass (Barber and Martin, 1976; Gale and Cambardella, 2000; Puget and Drinkwater, 2001 ).
In the 30-to 60-cm soil depth, neither tillage nor residue removal influenced the change in SOC, which averaged −0.057 ± 1.213 Mg SOC-C ha −1
. The lack of SOC changes were attributed to NHC additions being similar to SOC losses. In this 30-cm soil zone, NHC averaged 423 kg NHC ha −1 yr −1
, which was defined as the NHC m value.
Residue Harvesting Impact on Carbon Turnover
Harvesting 60% of the stover decreased the annual addition of NHC to the 0-to 15-cm soil depth (Table 1 ) and PCR incorp from 3.63 to 1.97 Mg ha −1 (Table 2) . Associated with these decreases was a decrease in the k NHC rate constant from 0.202 to 0.151 kg kg −1 NHC yr −1
. Even though residue harvesting increased NHC m in the 0-to 15-and 15-to 30-cm soil depths, the factors responsible for these increases were soil depth dependent. In the surface 15 cm, surface residue harvesting reduced the amount of NHC that was converted to PCR incorp , whereas in the 15-to 30-cm soil depth, residue harvesting increased SOC lost . The net result was a higher NHC m value when surface residues were harvested.
Based on the calculated k SOC values, the relic SOC halflives for the 15-to 30-cm soil depth in the 60 and 0% residue removal treatments were 67 (= 0.693/0.0103) and 98 (= 0.693/0.0070) yr. These findings indicate that residue harvesting has a profound impact on surface and subsurface C turnover. These results were unexpected because surface harvesting did not influence subsurface NHC. These differences are attributed to a combination of factors including the influence of surface residues on soil temperature, soil moisture, and microbial activity. These findings are conceptually in agreement with (i) Torbert et al. (2000) , who reported that root exudations can reduce the mineralization of other materials, (ii) Clapp et al. (2000) , who reported that returning stover and adding N fertilizer slowed relic SOC decomposition, and (iii) Green et al. (1995) , who reported that increasing NHC when no N fertilizer was added reduced the SOC mineralization rate. In summary, the NHC m requirement for the 60 and 0% residue removal treatments was 465 and 258 kg NHC ha −1 yr −1 for the 15-to 30-cm depth and 423 kg NHC ha −1 yr −1 for the 30-to 60-cm soil depth.
Yield Zone Influence on Carbon Mineralization
During the 5 yr of the study, SOC lost was 102 kg SOC ha . Differences between the two yield zone treatments suggest that higher NHC mineralization in the high yield environment resulted in less SOC lost . These results may be responsible for higher SOC contents in lower backslope than summit and shoulder areas (Clay et al., 2005) .
Summary
In South Dakota, agriculture contributed to a 42% SOC loss between the 1880s and 1937 and a 60% loss between the 1880s and 1985 (Clay et al., 2012 . Since 1985, tillage changes and increasing corn yields resulted in a 24% increase in SOC levels and 34, 23, and 20% decreases in wind, sheet, and rill erosion in South Dakota, Nebraska, and North Dakota, respectively (NRCS, 2007) . As expected, tillage increased SOC loss and the associated k SOC rate constants. Extensive residue harvesting could threaten these recent improvements. After 5 yr, adopting no-till management, returning surface residues, or increasing the yield potential increased the opportunity to sequester C (= PCR incorp − SOC lost ). For example, in the combined 0-to 15-and 15-to 30-cm soil zones, (i) 0.153 (3.38 − 3.227) and 2.65 (5.34 − 2.62) Mg SOC ha −1 were sequestered in the 60 and 0% residue removal treatments, respectively; (ii) 2.51 (4.86 − 2.35) and 0.36 (3.89 − 3.53) Mg SOC ha −1 were sequestered in the no-till and chisel plow treatments, respectively, and (iii) 1.16 (4.36 − 3.2) and 1.65 (4.34 − 2.69) Mg SOC ha −1 were sequestered in the moderate and high yield zone treatments, respectively. In addition, (i) in the 0-to 15-cm depth, SOC lost was less in the high yield zone (1.49 Mg ha ) treatments, and (iii) the chisel plow-60% residue removal treatment did not provide 30% residue soil cover after planting. These findings show that surface residue harvesting has profound impacts on C turnover and surface soil coverage.
